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METHOD FOR FBODUCOfG A SDBFAGE- 
TOUGHENED CERAIOC COMPOSETB 
Field of the favention 
This invention relates to surface toughened ceramics, particularly 
to zirconia InfEtrated alumina composites eaiMbiting Wj^ strei^th, and to a 

method for preparing sudi composites. 

Background of the Invention 

For many applications, it is desiratile to improve the strength and 
tou^ess of a ceramic to improve characteristics such as resistance to 
temperature change, for example, where the eeramie is used in machine parts. 
Surface toughening is one mechanism which has been developed, usii« the 
material zirconium oxide (ZrOj) (hereafter referred to as "zirconia") in a 
ceramic matrix such as aluminum oxide (AljO^) (hereafter referaed to as 
"alumina")* Ganrte et aL> Nature, 158 (12), p,703-704 (197S)» ZSrconia is a 
polymorphic ceramic material ejdating In tetragonal, mdnoelinie and euMc 
crystal form. The tetrfl«onal structure of zireonia prevails at higher temperar 
tures. As ti^ zirctmia particles cool after fabrication, polymorphic phase 
transformation occurs, resisting in predominance of the monoclinic crystal 
structure, with a concomitant ini^ease in volume. For pure zireonia, the 
transformation occurs at about 1200^ and emte at about 800^. Iiange, J. 
Material Science. 17, p.225-254 (1982), incorporated by reference herem. 

* Recently, work has been done usii^ metastatde grains of tetragonal 
zireonia held within a surroundix« matrix of varying ceramic composition by 
mixing zireonia and alumina powders together. The grains of zireonia are in the 
tetragonal rather than monoclinic phase, even though the temperature is below 
the unconstrained equilibrium transformation temperature range at wMdi 
zireonia exists in monoclinic form. The met^able condition is <Ataiiied by 
surrounding fine grains of zireonia as ineluslras in a constraining matrix such as 
alumina. The matrix constrains the grahis of zireonia, preventing the volume 
changes associated with the transf(»mation to the monoclinic form. The 
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presence of tetragonal grains or uidisions of zirc<»iia in a ceramic increases the 
fracture tou^iness of the material by decreasing propagation of cracks as it 
increases the energy required for the crack to propagate. Thus, if a crack 
commences in the ceramic composite, metastatile grains of tetragonal zirconia 

5 adjacent to the crack transform to the stable monoclinie structure. The stress 

induced transformation Increases the ceramic^ fracture toughness* 

Lange derived a phase field diagram illustrating the r^ultant 
mechanisms of the polymorphic phase transformation of zirconia in an alumina 
matrix based on zirconia inclusion size and the chemical energy of the system* 

10 Langei sig)ra» p.233. This diagram demonstrates the importance of small 

Indosiras witii a narrovr (fistribution of sizes of ztreonia particles with respect to 
the fraction of zirconia retained in the tetragonal state. For ^campley there is a 
metastable particle size iriiere transformation will not occur, even at low 
temperature. Obtaining such a narrow distributicm requires increased processing 

15 efforts, incareased amounts of raw materials, and additional manufacturing time. 

Thus, the cocSsper^on techniques previoiusly used require submicron size zirconlja 
particles to maintain the tetragonal form of sdreonia in the finished composite. 

Table I provides the critical transformation size of zircoqia 
particles in an alumina matrix with respect to the . volume percent . (v/o) of 

20 zhrconia, as weU as an accepted, unconstrained (for particles not held in a 

matrix) critical particle size. Garvie et aL, Uature^ 258, p. 703-704 (1975); 
Lange, J. Materials Sci., IT, p. 22S**234 (1982). Therefore, in order to maintain 
a suffici^t percentage of zirconia in tlie metastable tetragonal structure in the 
finished ceramic bo^y, it is . preferred that the zlrcoi^ grains are relatively 

25 small in size (i.e., in the sid>micron range). 

TABLEI 
Critical Incdusion of Grain Size 



v/o ZrO^ Size( ii) 
100 0.03 
30 S 2.3 

10 1,35 
15 0.85 
20 0.74 



where v/o^ volume percent zirconia within an niiimfag 
matrix; 

= size of constrained zirconia particles taken from 
Lange, sopras and, 
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D = an accepted unconstrained critical partide size Xakm 
uc 

from Garvie, supra. 

As can be seen from Table I the amount of metastable tetragonal 
zireonia that can be retained in the matrix decreases as the volume percent of 

5 zireonia in the ceramic composite increases. Thus, restrictions on grain size and 
volume percent of zireonia have reduced the practicality and toughness of prior 
aluraina/zireonia ceramic composites. In an attempt to overcome these 
difficulties, Lange, U.S. Patent No. 4,316,964, utfliaad zireonia, stabilized by a 
rare ear* oxide dissolved in the zireonia, to maintain some of the zireonia in the 

10 tetragonal structure. The rare earth oxide increases the eritieal transformation 
size (the size of zireonia partides above which transformatioB win occur). The 
balance of tiie ceramic composite was alumina. Using tills method, eompo^tes 
were obtained with higher strength than that <rf previiWBS composite^ however, as 
menti<»ied above, tWs method, requires the use of additi<mal materials, such as 

15 the rare earth oxides, and additional time to carry ou^ the procedure, m 
addition, the \Be of a stabOiang agent can decrease the eliemical free energy 
change to the point wh^e tet|!C«onal particles will not tran^orm under ai^ 
c<mditions which, in turn, ^vents tiie dedred tou^oung. 

Ty^Cfdly, the resiilts of previous methods used to fabricate 

20 ceramic composites of alnmina-zirconia composites, su<A as eoffispersion and 
mixed sd proe^es, liave been homogenous composite, with zireonia (fistribnted 
throu^out the ceramic body. Since critical stresses are usually achieved at the 
outside tensile face of the body, however, it is not necessary to provide a 
toogliening mechanism G.e., metastable zireonia) throughout the entire bo&f. 

25 Therefore, If a homogenous composite layer containing zireonia, fOT example, 
exists at this critical face only, lea^dng the internal core of the body as a single 
phase, the resulting composite may have a W^er str«^gth-to-weight ratio. This 
type of compraite is seen in nature In the structure of bone, wMdi has a dense 
surface layer with a porous lightweight core. Thus, composites toughened at the 

30 surface with material such as zhrconia in metastable phase should residt in a 

stronger and lighter ceramic. 

Therefore, more efHcient and economical methods which do not 
require additional; raw materials or increased manufacturii^ time are needed to 
prepare toughened composite ceramics. 



■ 
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aimmary of the Invmtion 

Accordin^y the present Invention provides a method for preparing 
surface-toughened composite ceramics by infiltrating porous ceramic compacts 
with a zirconia soL Infiltrated compacts are heat treated and may be sintered to 
form a surf ace-tou^ened composite ceramic with high strength and lowered 
density. Infiltration is carried out in a vacuum or using a wicldng process. The 
Effoperties of the composite may be (^timized by varying the porosity of the 
compact, the heat treatment and sintering temperatures, the viscosity of the 
zirconia sol, or the amount of zirconia infiltrated into the porous compact. 

Brief Description of the jPrawii^ 

The present invention will be described in connection witti the 
accompanying drawii^ in which: 

FIGUBE 1 is a SEM micrograph of zirconia particles in suspension; 

FIGUBE 2 is a graph iUustratii^ percratage w^ht loss of heat- 
treated zirconia infiltrated c^amics; 

FIGURE S gives the ihcressis^^ bi vbtiime perewt of idrcohia as a 
function of inf ntratitm frequency; 

* - 

FIGUBE 4 illustrates the tetragc»ial fraction of zireon£a as a 
function of the number of infiltrations over a given percent theoretical density 
rang^ 

FIGUBE 5 depicts densification as a fiinetion of the amount 
(number of cycles) of zirconia introduced fay infiltration during sintering; 

FIGUBE 6 shows isothermal sinterii^; effects on the fraction of 
zirconia retained in the tetragtnifil phase; 

FIGUBE 7 Is a gras^ showing relative quantities of zirconia as a 
functicm of depth within the cbihposita obtained from EDAX readings on sample 
cross sectionEQ and^ 

FI6UBES Sa~e are SBM micrographs showing the grain size distrl*^ 
bution in a sample composite. 

Detailed Description of the Invention 

To carry out the proce^ of the present invention) a poroi^ (sramic 
<Mmpact is formed firom a suitable ceramic precursor material sueh as alumina* 
This porous compact Is then infiltrated with a sol of a polymorphie ceramic 
materialf such as zirconia, that toughens the resulting structure. The invention 
is set forth in greaiter detail in the description and the examples which f ollow« 

Hie infiltrated ceramic <K3mp<^tes of the present invention 
preferably consist essentially of from approximately 1 to 15 volume percent 
(based on the total vdlume of the ceramic) of a polymorphic ceramic material 
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such as aireonia, the balance being a oepamie matrix of a eeramio material sueh 
as alumina* The infiltrated zirconia is preferably present in from lOD down to 10 
percOTt substantially tetragonal phase^ The Infiltration of zirconia into the 
surface contributes to the toi^ess and high strength of the ceramic composites 
produced. The properties of the final composite are a function of the amoimt of 
zirconia infatrated into the surface and the fraction of zirconia retained in 
metastable tetragonal phase. In turn, the amount of zirconia infiltrated into the 
ceramic, and the amount retained in tetragonal phase, may be optimized by 
r^eating inf atration and by controlling other parameters aurfi as viscosity of 
the zicconia sol, porosity and pore size distribution of the compacts infiltrated 
with zirconia, and by varying the temperature and duration of heat treatment 
and sintering of the infiltrated compacts. 
Preparation of a Porous Ceramic Compact for Infiltration 

Conventional procedures are used to prepare a porous ceramic 
compact. For example, the porous compact may be prepared from a colloidal 
suspension of a suitable, cold pressed ceramic material, or may be made by hot 
pressing techniques. Porous ceramic compacts of different porosities and pore 
size distributions may also be obtained from commercial sources. Suitable 
ceramic materials for preparing the porous compact include alpha alumina, beta 
alumina, and material designated as "aqtive refractoriesf" in U.S. Patent 
No. 4,415,673, by Feagin, the disclosure of which is incorporated by reference 
herein, or any other suitable ceramic material. The su^ension may be sterically 
or electrostatically stabilized to prevent flocctOatlon, fw emmple, by using 
anionic ceramic surf actanrts such as Darvan C and citric add. 

In a pr^erred technique, a colloidal suspension of alpha alumina is 
consolidated to form a "green" compact 1^ removing, liquid from the suspension 
by conventional slip casting, using a plaster of paiis filter, to form the desired 
shape. After consolidation, the samples are dried and. may be partially sintered 
at a high temperature to form a porous compact. Alternatively, unsintered 
porous compacts may be used aft& filtration and drying for infiltration. 
Variations in porosity may be accomplished by altering temperature, time and 
partide size distribution. For sample, partially sintering the green compacts at 
several different temperatures has been shown to produce a range of pore sizes 
for compacts formed from alpha alumina powders with bimodal partide size 
distributions. Han GSintering of Bimodal Compacts, Thesis submitted for 
Master's Degree, University of California, Los Angdes, CA, (1985)). The porous 
compact may be shaped usii^ conventional techniques for further processing, as 
described bdow. 
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Infiltration 

Prefenibly, in! fltration is accomplished using a sol of polymorphic 
ceramic material sQch as stabilized or unstabilized zirconia* A sol, as used 
herein, designates a so^msion containing fine (stibmieron) particles. Sols of 
5 poljrmorphie ceramic materialr such as zirconiay may be prepared by making a 
5-20 we^t percent zirconia suspendon of various viscosities. In the pr^ent 
inventionj sols containing 15 to 20 weight percent zirconia in viscosity ranges of 

o 

5 centipoise to 100 centipoise, and with zirconia particle sizes ranging from 10 A 
to 100 A, are preferred. The soils may be stabilized to retain larger particles of 

10 zirconia in tetragonal phase, e.g*, by adding rare earth ozidiss such as ytria of 
halfniai or may be unstabilized. Infiltration may also be accompUsbed u^ng a 
solution in place of a sol. A solution consists of a dispersion of moleciilar units 
of a substance, for example, a zirconiuih salt. Altematlvdy, a polymeric 
solution of a ceramic precursor, for example^ a pardally hydroljrzed solution of 

IS zirconium alkoxide, or a polymer containing: idrconium such as a zirconium oxy- 
alkozy polymer, may be used for inflitrattbh:. 

The porous ceramic compacts prepared as above, partially sinteced 
or uhsintered, are infiltrated by the sols ae solutions of zirconia. In a preferred 
embodiment, the porous ceramic compact selected for infiltration Is placed in a 

20 vacmun and maintained prior to infiltration for a suitaUe amount of time to 
ensure evacuation of pores, it is preferable to intro<&ice the sdl or sdbitlon of 
the polymorphic c^amie material into the compact tyy slowly introducing the 
liquid into the vacuum vessel containing the compact. For example, the compact 
may be gradually submerged in the soL When the compact is submerged, the 

2S vacuum may be increased and the samples ^soaked^ for a period of time, for 
example, for 10 to 15 mimites, to ensure good mfiltration. Alternatively, the 
compact may be lowered into a sol or solution already preset in tte vacuum 
vesseL 

Infiltration may also be accomplished without a vacuum, using a 
30 wicking process, hi ceramicsi wi<ddng of a fluid into a porous compact may 
occur as a result of pcnre pressure. The pores act as capillaries which draw the 
fluid into the compact. 

After infiltration, the compacts are then drie^ for example, at 
temperatures of 110%. 
35 Heat Treatment 

After infiltration and drying, as descnbed above, the compacts are 
heat treated at temperatures in the range of from 25% to 800%, preferably at 
from 100% to 700%, and most preferably at 400%, for from 1 to 24 hours, to 
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remove volatile materials and to prepare the inf fltrated compact for subsequent 
high heat dintering. To detwmine the minimum temperature needed to remove 
volataesy the wei^t loss of the compact during heat treatment is monitored, 
using thermal analysis as shown in FIGURE 2. After heat treatment, the 
ceramic compact may then be weighed to measure mass gain, to determine the 
amount of zircpnia infiltrate 

After all Tdatila compounds have been removed, and the samples 
weighed, the infiltrated compact is typically sintered to greater than 95% 
theoretical density to reduce pore size and increase strength and by heat 
treating at temperatures in the range of 800^ to 1700%, preferably in the range 
of 1200**C to X6S0%, and most preferably at approximately 1650%, for from 1 to 
2 hours. The composites are then cooled to room temperature (25%), 
Repeated Ihfiltrati<His 

For some aE^eationsy one cycle of infiltration as described above 
may be preferred, for. example^ where other parameters are varied, or where it is 
desirable to reduce manufacturing, time and costs, or to reduce the weight of the 
final ceramic product. In other cases, inHltratlon may be repeated to increase 
the volume percent of zirconia untn a desired amount of zirconia is introduced. 
To r^eat Infiltration, after inffltration as described above, the infiltrated 
compact is heat treated at temperatures between 25% and 800%, preferably 
between 100% to 700%, and most preferably at 400% for from 1 to 24 hours to 
remove the volatiles as described above, until no further weight loss is discerned. 
The infiltrated compact is then cooled to room temperature and reinfUtrated as 
above, using a vacuum, eliminating the tSgh heat sintering step untn the final 
infiltration cycle, and then sintering at high temperatures, for example, at 
1600%. 

■ 

When fabricating ceramic composites, using the infiltration process 
of the present invention, in order to obtain the toughness and strength of the 
composites produced, it is preferable to retain the zirconia in std>3tantially 
tetragonal phase. By ^substantially in tetragonal phase,^ it is meant Qmt at least 
10 volume percfflt of the zirconia wltliin. the microstructure in a given ceramic 
composite produced is in tetragonal phase« Most preferably, it is desired to 
maintain the volume percent of zirconia in tetragonal form at gpreater than 70 
volume percent. Retention of zirconia in tetragonal form may be maximized by 
varying the ponBity; pore size distribution, and pore-to*-pore spacing of the 
porous compact, for example, by stabilizing the components of the suspension 
used to form the compact; or, by manually selecting the pore sizes and 
distribution, for example, by using the methods described in copending patent 
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application Serial Ko. seo^OTS, filed May 6, 1986, and assigned to the same 
assignee as the present application^ the (fisdosure of which is incorporated by 
refer^iee herein. Jxi addition^ the viscosity of the sol oc solution used for 
infiltration may be varied, for example, to alter the amount of deposition of 
5 zircixiia at various locations within the compact. 

Measurement of Strenigth 

The bend strength of the infiltrated ceramic composites, formed as 
dumbed herein, may be determined u^ng a standard strength measurement, 
such as the bending test as described by Baratta in Methods toe Assessing the 

10 Structure ReliabiKty of Brittle Materials, Eds. Freiman and Hudson, AffTM 

Special Technical Publication 844 (1982), incorporated by reference herein. 
Bending strength is defined as the masdmuih tensUe strength of failure, and is 
often referred to as the "modulus of rupture." Bending strength may be 
expressed in units of kpsi db/in^) x 10^ « MPa (N/m^) x 10®, where "JT' equals 
Newton and "m" equals meter. Brading strength may be characterized using a 3- 

15 point or 4-point baiding load. In 3-pdint bending, the load is placed at the center 

of the test sample whereas in 4-point bending, the load is placed at two 
positions on the sample, thus applying tensile stress over a range on the surfaise: 
of the sample. In tiie example which follows, bend strength measurements were 
made <m th^ infnteated ceramic composftes using 4-point bending, with a span of 

20 23.2 mm in a load span of 13.2 mm. Load rate and chart speed were 0.5 mm/p« 

minute and 20 mm/per minute, respectively. Each specimen was dlamond-^ut (3 
K 5 z 25 mm cross section) axid planed uau3g a Strueis Discoplan-TS (Struers, Inc., 
Cleveland, Ohio)« The specimens were then surface^finished usii^ a 45 micron 
diamond <Bse. 

25 Determination of Fracture Toughn^ 

In general, aiQr increase in strength in a ceramic product which 
results from processings may be attrilmtable to the elimination or partial 
elimination of surface defects (flaws), or may be a result of an increase in 
fracture toughness. However, if an increase in strength is accompanied by an 

30 increase in the fraction of zlrconla retained in tetragonal phas^ which may be 

determined using a procedure such as Z-ray diffraction, then an increase in 
fracture toughness may be assumed. 

The fracture toughness for ceramic composite containing 
different amounts of zirconia has been previously determined by measurements, 

35 of the stress inteisity factor (Kc) of the ceramic. Kc may be measured using the 

indentation technique and the functiom Ee » . P^^^l ^ 4 f (c/d), developed by 
Evans and Chades, J. Am. Ceram. Soc, 59, p.371-372 (1976), ineoi^rated by 
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reference herein. Values for Ee have been measured and published for differii^ 
Volume percents of zlreonia Orange* supra) # Reference may be made to these 
values to Illustrate the increase in toughness with increasing volume percent of 
zireonia over the complete range covered in this method. Tn lieu of direct 
measurements of toughness for a given volume percent of zireonia, assuming 
that the critical crack size distribution remains unchanged throughout a sample 
range, flescural strength may be tekm as an indication of toughness usii^ the 
relationship: tr 

2 

where o^ and o^ are the strengths of any two materials, and and Kg are 
their respective stress-intensity factors. 

■ 

Concentration Gradient 

The accumulation of zireonia particles at various locations within 
the porous ceramic compact during the infiltration cycle will be a ftmction of 
the initial concentration of the zireonia sol, its viscosity, the number of 
infiltraticm cycles, the depth of infiltration and the time over which infiltration . 
occurs, as weill as the volume of porosity and pore size distribution of the porous 
compact. One would thus eaqieet to find concentration gradients, i^j relative 
quantities of zireonia at different locations within the porous ceramic compacts 
which have been Infiltrated. These concentration gradients are significant 
because they result in stress, density, and grain size gradients which, in turn, 
affect the ph^cal (mechanical) properties of the ceramic bodies {xrodueed; 

The following eacamples are presented to illustrate the present 
invention and to assist one of ordinary skill in making and using the same* The 
examples are not intended in any way to eith^ limit the scope of the disclosure 
or the protection afforded by the grant of Letters Patent hereon. 

EXAMFLEI 
Preparation of Porous Compacts 

Colloidal suspensions of 45 volume percent (v/o) (AEP 30) alpha 
alumina (Sumitomo Chemical America, Iiic«, New York, NT) in water were 
dispersed ising steric stabilization with Darvan C and citric add. Hie su^en- 
sions were filtered using a plaster batt made with a 75:25 we^pht ratio of 
plaster:water, and teflon mold walls of the desired shape to form ^^een" 
compacts. After consolidation, the compacts were dried at 110% for 24 hours, 
and partially sintered at 1100% for 1 hour (after heating the samples op to that 
temperature over four hours time) to form porous ceramic compacts with 
sufficient strength to withstand infiltration^ as described below* Upon cooling, 
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15 



25 



30 



35 



the compacts were shaped using a 180 grit wet sender and eut to form cakes 
(40 mm X 10 mm x 60 mm). After shapingy the compacts were dried at 110^ for 
24 hourst followed by d^ity measurements using the Archimedes displacemmt 
technique. 

EZAHPLSn 

Ipflltration of Porous Compacts 
For infiltrafioni sols of aoetate^abilissed zircmia (Remet Corp., 
ChadwtckSy New York) were used containing 20 volume p^cent zirconia. Two 
sols with v^osities of 10 centipoise (cp) and 75 ep, marked 1985 and 1982, 

o 

respectfyelyy were pr^ared. Zirconia particle size in both sols was 20 A as 
determined from the micrograph of FIGUSE !• Both sols were treated in the 
same manner throughcmt the exBmglLeSm 



The porous alumina compacts prepared as described above were 
placed in a vacuum (diamber and a vacuum of 1.5 x 10 torr was drawn and 
maintained for 20 minutes, at which time the vacuum was reduced to SO torr» 
One of each of the above sols was then introduced into the chamber via a 
st<^odc at a rate of approximately 1 drc^ p w second until the sample was fli^y 
submerged. The vacuum was then increased to 1.5 x 10**^ tocr, and the samples 
were soaked for a p^od of 20 minutes to ensure good infUtrati<m« After 
soakiz^y the samples were removed and placed directly in a drying oven at 110% 
for 9 hours, followed by heat treatmait at approximat^y S7jS% for 9 more 
hours. Samples infiltrated by both sOIs (1985 and 1932) w»e then weighed to 
determine mass gain during infiltration. Following infiltration^ the samples were 
sintered at temperatures between 1200% and 1700% to achieve densification 
and strength. 

EXAMPLE m 

The procedures of Examples I and H were employed to produce a 
ceramic composite rq^tedly &ifiltrated with zirconia (one to ten cycles). 
After the initial soak for one cyde of infiltration (^cample ID, the sample was 
heat treated at 400% until no further weight loss was observed (as measured by 
thermal analysis, see FIGUHE 2), followed by cooling to room temperature and 
reinfiltrating using the procedure described in Example IL The samples were 
sintered after all infiltration cycles were completed. FIGUBE 3 gives tte 
increase in volume percent of zirconia, based on total volume as a function of 
infiltrati(»i frequency for the 10 cp and 75 cp sols. The vohune percent zirconia 
was determined by weig^hing the samples to measure the 'before" wd '^af ter" 
in^tration masses, and using the known densities of zircionia and ahmiina. Tlie 
higher viscosity 2sirconia sol (75 cp) showed a decrease in zirconia d^osition 
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after 10 infiltration eydest while the 10 ep sol still showed fairly large increases 
in deposition^ The decre^e in deposition of the higher viscosity sol may be due 
to decreased penetration of the sol. 

As shown in Table I above, increased zireonia content in an alumina 
zirconia composite leads to a decrease in metastable tetragonal grain size. 
Grain growth of zirconia inclusions occurs by alumina grain boundary movement^ * 
hence high zirccxiia cmtent should result in larger zirccmia grains with a 
corresponding decrease in retained tetragonal phase. FIGURE 4 illustrates this 
behavior for a number of infiltration cycles. FIGURES 4 and 5 show that for 1 
infiltration of the 10 cp sol, 100% tetragonal zirconia grains were retained up to 
a temperature of 1600%. For uusreaaing numbers of infiltration cycles (4, 6)» 
the fraction of tetragonal ^rconia decreaises with increa^ng densification. 

EZAUFLBIV 

Effects of Reinfiltration on Densification 
The composites infiltrated according to Examples I through IH wwe 
sintered at various temperatures following heat treatment to determine the 
effttts of the munbw of infiltration cydes on densification. ThuSf samples 
selected irom the composites infiltrated with zirconia for one to ten cycles were 
sint^ed after beat treatm»t at temperatures of 1300^ 1400% 1500^ or 1600^ C 
for one hour. FIGURE S depicts the effects on sintering density (expressed as a 
percentage of theoretical density) of the different sintering temperatures for 1, 
4 and 6 infiltration cycles. Sintering at 1600% for 4 and 6 infiltration cycles 
pixkhjced; 95%: thewetic^ density. For lower infiltration &equ«iey, sintering Is 
initially retarded in the alumina matrix, but after densification is initiated, 
sintering is rapid. For increasii^ amounts of zirconia infiltrated into the 
alumina matrix, increased densification is not sera at any of the tested sintering 
t^peratures. 

EXAUFLB V 

Effects of bothermal Sintering 
Infiltrated ceramic compositest obtained as described above in 
Examples I through m, w^e selected for a number of infiltrations (1-*10) and 
subjected to isothermal sintering at 1500% for from one to seven hours to study 
the effects of isothermal sintering on the percentage of zirconia retained in 
tetragonal form, i.e., tlie effect of grain boundary movement on ^rconia partiide 
inclusion size. The results are shown in FIGURE 6, depictii^ isothermal 
sintering effects on the fraction of tetragonal zirconia retained. As the number 
of Infiltrations increase, the fraction of zirconia retained in tetragonal piiase 
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decreases due to coalesence of zirconia particles from grain boundary move- 
ment. Therefore, sintering time and temperature should be maximized with 
respect to density, and the fraction of tetragonal ziEConia retained. 

From Examples IV and V it can be se€i that a maximization of 
strength and toi^hness, using a low volume percent of zirconia content, is 
desirable both to increase the efficiency of processing and to maximize 
tetragonal polymorph retention* Achievii^ a low zirconia contrat does not 
require a high number of re-infiltrations or high sintering temperatures, and 
decreasing the nand)er of infiltrations increasies tetragonal zirconia retration* 

EZAHPLBTI 
of Zirconia Concentration Gradient 



To determine the concentration gradients of the zirconia in- 
filtrated into the porous compact^ cross sectionis wiere made of composite 
samples prepared with a number of infiltration cycles (1-10) of a similar size to 
composites prepared for mechanic^ strength testa. Energy Dispersive X-Ray 
Analysis (ED AX) readhigs were taken at varyizig de|^ the surface of 
composites for varying infiltration cycles. The int^ated intensities of 
aluminum and zirconium peaks were then compared for thje various positions in 
the samples to determine the corresponding relative concentration gradients. 

FIGUBE 7 provides, in graph form, the ED AX concentration 
gradients showing the relative amounts of zirconium (metal) at various locations 
(depths) within the composite body. This graph shows (jsi^ests) that more 
zirconium is present at the surface of the composites with a fairly rapid 
decrease in concentration moving aw^ from the surf ace Ce-g,, .25 mm) for the 
10 cp and 75 cp sols for 2, 6, and 10 infiltration cycles. TMs graph also si^ests 
that, in hi^er viscosity zirconia sols, a larger gradient near tiie surface of the 
composite results and thus the relative amount of sdreonia incorporated in the 
surface of the composite may be increased by using higher viscosity sols. 

Differing concentrations of zirconia result in a range of the size of 
the alumina matrix grains. Thus, low coneentrati<His of zirconia result in a large 
distribution of matrix grain size^ while large concentrations of zirconia win 
correspond to matrix grains with a narrow distribution of suses. Tliis concentra- 
tion-size effect isL seen in the cross section of one composite shown in 
FIGDHE 8a, where the outside edges have a higher concentration of zirconia 
than the interior. EiaUHES 3a-e compare the grain size distribution seen in 
composite samples. Note the number of intragranular zirconia inclusions 
corr^Kjndmg to low concentrations, as compared ta the great proportion of 
grain boundary-junction inclusions in the hiA zirconia concentration areas. 
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The microstructures seen In FIGURES 8a-*e are the result of 
concentration gradients within ceramic composites infUtrated mth zirconia for 3 
and 10 infiltration cycles at 1600%, using the 75 cp zirconia suspension 
(FIGURES 8a, b), for 6 infiltrations of the 10 cp suspension at ISOO^'C 
(FIGURE 8c), and for 3 infiltration of the 75 cp suspCTSion at 1400"^ 
(FIGURE ad), as compared to pure alumina (FIGURE 8eX The concentration 
gpradients of zirconia are expressed as relative quantities as a function of depth 
obtained from the ED AX readings on a cross section of the sample* 

EXABfFLEVn 

Determination of the Strengtii of bifiltrated Ceramic Composites 

Mechanical strength tests were run in a conventional mann^ on 
sintered compacts, as desribed above, and infiltrated with either the 1982 or 
1985 zirccmia suspension, as described in Examples I and H, to study the effects 
of vlscosi^ of the zirconia wspensiw on strragth. Samples infiltrated 10 times 
with the 1982 susp^oision (viscosity 75 cp) w»e sintered to 1600% over a 13 hour 
period, followed by a soak period of 1 hour. Samples infiltrated 6 times with the 
1985 suspension (viscosity 10 cp) were heated to 1600%; for a p^od of 6 hours, 
followed by a 1 hour soak and fiim cooling for 5 hours. Both samples were cut in 
half (sample size now 3x5x27 mm) and planed using a Straers 15 micron 
planer. A 45 micron diamond disc was used to surface finish the samples. 
Surface finishing may cause transformatipii of tetragonal zirconia to the 
monoclinic form creatii^ compressive stresses, resulting in higher strength 
values* The. bend strength of the composites was measured using 4-point bemfing 
tests (inner span of 23.2mm, load span of 13.2mm) u^ng a load rate of 
0.5mm/min., and chart speed of 20mm/min., respective^. 

Strengths on the order of 750 MPa were obtained with a mean 
strength of 677 MPa for 6 infiltrations vrith the 10 cp suspension. Strengths of 
650 MPa,. with a mean of 580 MPa, were obtained for 10 infiltrations with the 
75 cp suspension. Since the ratio of zirconia conewtration at the surface, when 
comparing samples produced using the 10 cp and 25 cp susp^^ons, was 0.9:0.65, 
while the volume faction of tetragonal zirconia for both ^mples was . 40%, the 
strength differences in the samples may be attributable to this large variation in 
retained tetragonal phase at the surface. 

These strength values, in light of the increased fraction of zirconia 
retained in tetragonal phase In the surface of the samples, indicate enhanced 
surface toughne^ of the composite sample over those of pure alumina. 
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EXAHFLE Ym 
Determination of Fracture Toughness of Ih^ilt^ated 

Ceramic Composites 
fodentatlcm tests are run, as described by Evans and Charles, supra 
5 on samples infiltrated with the 1985 zireonia suspension. Samples are infiltrated 

1, 2, 3, 5 and 6 times, as described abovei The distribution of zirconia within the 
composite illustrated in HGUBE 7 suggests that measurable values of surface 
toi^hness should follow a similar gradient. l%erefore measurements are made of 
the cross-sections and ^irfaces of the samples. 
10 SZAMELEIX 

Effect of Pore Size Variation on Strentrth of Infiltrated Ceramic Composites 
To determine the effects of pore size variation on the strength of 
ceramics^ infiltrated colloidal suspensions of S3 v/o alpha alumina are used to 
form porous compacts as described above in Example L The porous compacts are 

, - - • 

15 then partially sihterec^ using a range of temperatures^ to produce porous 

compacts with a range of pore sizes prior to infiltration; The compacts are then 
dried at 100°C for 24 hours. 

The porous compacts are then partially sintered at 1100%, 1200%, 
1300% or 1350%, for 60 minutes at each temperature, (temperatures are raised 

20 at a rate of IS degrees/min.). Sintering at these temperatures has been found to 

produce a range of pore sizes of from 0.075 to 0.04 um for 55 volume/percent 
alpha alumina powder containing partides of .35 diameter. Ban, supra. 
Because the partial sintering steps used by Han were similar, Han^s data can be 
used to approximate the pore sizes obtained in the porous compacts produced 

25 h^ein. 

The partiany sintered, porous compacts are infiltrated with a 10 cp 
zirconia sol prepared as described above in Example XL The compacts are then 
repeatedly infiltrated, as described above in Example m, for 0, 1,. 2, and 3 
cycles. The infiltrated compacts are then dried at 110% for 12 hours, heat 
30 treated at 600% for 1 hwr, and weighed to determine mass gain. The compacts 

are then sintered at 1650%, raising the temperature at a rate of 15 
d^ees/minute, for 60 minutes. Strength and toughness measurements, as 
described above in Example VII, are then made on the sintered, infiltrated 
ceramic bodies. 

35 The results of the above examples demonstrate that by using the 

process of the present invention, surface tou^ened ceramic composites may be 
obtained by inf iltra^g a porous ceramic body with a sol or solution of zirconia. 
The properties of the ceramic composites produced may be optimized by varying 
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the number of infatratimis and visciseity of the infiltration sol. The volume of 
porosity and pore size distribution of the ceramic compacts may also be varied 
by partially sintering the porous compacts before infiltration. Although un- 
stabilized zirconia was described in the examples, stabilized sols or solutions 
may be used to inHltrate porous ceramics. Stabilized sols or solutions may 
increase the fraction of z^onia which can be retained in tetragonal phase mfh 

increasing volume percents of zirconia. 

While the present invention has been descrit>ed in conjunction mth 
preferred embodiments, one of ordinary skill after reading the foregoing 
specification will be able to eflect various changes, substitutions of equivalents, 
and alterations to the compositions and methods set forth herein. It is therefore 
intended that the protection granted by Letters Patent hereon be limited only by 
the appended claims and equivalmts thereof. 
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The embodiments of the invmtion in which an exehisive property 
or privilege is claimed are defined as follows: 

1. A method for preparii^ a surface tough^ied ceramic body 

comprising: 

(a) infiltrating a porous ceramic compact with a ceramic 
material to form an infiltrated compact; and 

(b) heating said Infiltrated compact to form a higli- 
strengtl^ infiltrated ceramic composite* 

2» The method accordmg to Claim 1, wherein said ceramic 
material is a poljrmorphie matoriaL 

3. The method accordh^ to Oaim 2, wherein said p<flymwEdiic 
ceramic material is stai>i]ized zireoninm ozxde. 

4. The method according to Claim 2, wherein said polymorphic 
material is unstabilized zirconium oxide* 

5. The method accorcBng to Claim 1, wherein said step of 
infntratlng comprises infiltrating ising a sol comprising submicron zirconium 
oxide particles. 

6» The method accordii^ to Claim 5^ wherein the viscosity of 
said zirconium oxide sol is in the range of 5 to 100 cent^ise* 

7. Hie method according to Claim 5, wherein the viscosity of 
said zirconium oxide sol is 10 centipoise. 

8. The method according to Claim 5, wherein the viscosity of 
said zirconium oxide sol is 75 centipoise* 

The method according to Claim 3, herein said zirconium 

oxide is in solution. 
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10. The method according to Claim 1, wherein said porous 
ceramic compact is fabricated from a member selected from the groi^ con- 
sisting of alpha alumina, beta alumina, silica, titania oxides and mixtures 
thereof. 

11. The method according to Claim 1, wherein said st^ of 
infiltrating comprises repeating infiltraticm for from 1 to 10 cycles. 

12. The method according to Claim 1, wherein said step of 
infiltrating comprises infiltrating using a polymeric solution containing 
zdrconium oxide. 

13. The method according to Claim 12, wherein said polymeric 
solution comprises zirccmium osdde alkoxide. 

14. The method according to Claim 1, wherein said pwous 
ceramic compact is unsintered. 

15. The method according to Claim 1, wherein said porous 
ceramic compact is sintered prior to said step of infiltrating. 

18. The method according to Claim 1, wherein said step of 
heating comprises the 5td>steps of heat treating said infiltrated compact to 
remove volatile components and then ^tering said heat treated compact to 
form a high-strer^h, infiltrated ceramic composite. 

■ 

17. The method accor^Bn^ to Claim 16, wherein said heat 
treating substep comprises heating said infiltrated compact to temperatures 
from 25% to 800% for from 1 to 24 hours. 

18. The method according to Claim 17, vAerein said heat 
treating substep comprises heating said infiltrated compact to temperatures 
from 100% to 700%. 

19. The method aecor<£ng to Claim 16, wherein said heat 
treating step is repeated until no furtiier weight loss of the porous compact is 
achieved. 
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20. The method according to Claim 19 , wherein said heat 
treating step comprises heating said compact to a temperature of approsdmately 
400^. 

21* The method according to Claim IS, wherein said sintering 
subst^ comprises heating, said heat treated infiltrated compact to temperatures 
from SOO^C to 1700% for from 2 to 20 hours. 

22. The method according to Claim 16, wherein said sintering 
substep comprises heating said heat treated infiltrated compact to approxi- 
mately leso'^c, 

23. The method acconSng to Claim Sj wherein said st^ of 
infiltrating comprises introducing said sd into said porous compact under 
vacuum. 

24. The method according to Claim 23^ wherein said step of 
introdueii^ said sol comprises: 

(a) placing said porous ceramic compact in: a vacuum; 

(b) introducing said sol into said vacuum so as to sitf>- 
merge the porous ceramic compact in said sol; and 

(c) soaking said porous ceramic compact in the sol to 
infiltrate said compact. 

25. The method according to Claim 1, wherein said step of 
infiltrating comprises introducing said ceramic material into said compact using 
pore pressure. 

26. The method according to Claim 23 or 25, wh^ein said step 
of infiltrating is repeated to increase the amount of ceramic material in said 
porous compact. 

27. The method according to Claim 26, wherein said step of 
infiltrating comprises ftom 1 to 10 cydes. 

28* The method according to Claim 1, wherein said porot^ 
ceramic compact is partially sintered prior to said step of infiltrating. 
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29. The method aecoitSng to Claim 28, wherein said porous 
ceramic compact is partially sintered at temperatures in the range of 800*t to 

30. The method according to Claim 28, wherein said porous 
compact is partially sintered at approximately llOO^C. 

31. A surface-toug^enedi infiltrated ceramic composite 
produced by the method according to Claim 1. 

32. A surface-toughened, infEtrated eeramic composite 
produced by the method according to Claim 26. 

33. The composite accorcBng to Claim 31 or 32» wherein said 
composite is inffltrated with zirconium oxide. 

34. A surface--tou^ened ceramic composite comprising from 
1 to 15 volume percent zircGmiom oxide (ZrOg) in the form of crystalline grains 
of substantially tetragonal structure having a diameter of less than 2 ym, the 
remaind^ of said ceramic composite being substantially aluminum oxide 

(AlgOj). 



35. The ceramic accOTding to Claim 34, wherein the fraction of 
zirconium oxide in tetr^onal structure is from 10 percent to 100 perc^it. 
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